Abstract. In this study, we aimed to estimate the effect that environmental, demographic, and socioeconomic factors have on dengue mortality in Latin America and the Caribbean. To that end, we conducted an observational ecological study, analyzing data collected between 1995 and 2009. Dengue mortality rates were highest in the Caribbean (Spanishspeaking and non-Spanish-speaking). Multivariate analysis through Poisson regression revealed that the following factors were independently associated with dengue mortality: time since identification of endemicity (adjusted rate ratio ; population density (aRR = 2.1 and 3.2 for 20-120 inhabitants/km 2 and > 120 inhabitants/km 2 , respectively); Human Development Index > 0.83 (aRR = 0.4); and circulation of the dengue 2 serotype (aRR = 1.7). These results highlight the important role that environmental, demographic, socioeconomic, and biological factors have played in increasing the severity of dengue in recent decades.
INTRODUCTION
Worldwide, the incidence of dengue is greater than any other arbovirus infection. 1, 2 According to the World Health Organization (WHO), nearly 100 million new cases of dengue are reported every year, and this has a major social and economic impact, especially in tropical and subtropical regions. [1] [2] [3] [4] [5] The dengue virus is transmitted by mosquitoes, primarily Aedes aegypti, which is typically found around human dwellings. 6, 7 Infection with any of the four dengue serotypes can be asymptomatic in 65-90% of cases. [8] [9] [10] However, when such infections result in clinically apparent disease, symptoms can range from mild undifferentiated febrile illness to severe dengue, which can include fatal complications such as major bleeding and shock caused by abnormal capillary permeability with plasma leakage. 3, 11 Recent reports have shown that the incidence of dengue is increasing in the Americas. [12] [13] [14] There has been a dramatic increase in the number of reported cases in Latin America and the Caribbean, a region in which the number of high-incidence countries (with > 100 cases/10 5 population) increased from 5 to 15 in the last three decades.
14 Likewise, the annual number of dengue-related deaths has increased in the regionfrom 242 in the 1980s to 2,068 in the 2000s. 14, 15 This worrisome trend justifies the study of the macrodeterminants of dengue mortality, which, in addition to biological and environmental factors, include demographic and socioeconomic aspects. Therefore, this study aims to estimate the effect that some of these determinants have on dengue mortality rates in Latin America and the Caribbean.
METHODS
This was an ecological study restricted to Latin America and the Caribbean during the 1995-2009 period. We evaluated the data by calendar year and by country, presenting the results by subregion: Central America and Mexico; Andean (Bolivia, Colombia, Ecuador, Peru, and Venezuela); Southern Cone (Argentina, Chile, and Paraguay); Brazil; the Spanishspeaking Caribbean; and the non-Spanish-speaking Caribbean. These subregions (except Brazil) are the Pan American Health Organization (PAHO) classification used in epidemiological reports. 14, 15 Brazil was analyzed separately in consequence of its large territory and high numbers of clinical and fatal cases. We excluded countries with no confirmed cases of dengue reported to the PAHO during the study period (Bermuda, Uruguay, and the United States Virgin Islands), and years in which cases were reported for fewer than 16 epidemiological weeks or for which there were inconsistent data, such as the identification of the dengue serotype without any reported cases.
Data related to clinical cases (which included suspected and laboratory-confirmed cases) and to deaths from dengue fever, and to the circulating serotypes of the dengue virus, were obtained from the records of the PAHO.
14 Deaths included all fatal cases detected among reported suspected dengue cases and not just deaths among laboratory-positive dengue cases.
For each country, we evaluated population density (inhabitants/km 2 ; data obtained from the Population Division of the U.S. Census Bureau), and annual rainfall (10 3 L/m 2 ; data obtained from the Food and Agriculture Organization of the United Nations), as well as the Human Development Index (HDI) and per capita government expenditure on health (GEH), both of which were extracted from the United Nations Development Program Human Development Reports. The HDI ranks countries by their relative progress toward development goals and is based on the evaluation of three variables: life expectancy, educational attainment, and income. A lower HDI indicates a lower level of development. 16 We also evaluated the time since the identification of endemicity (hereafter referred to as "age of endemicity"), defined as the interval between the year in which there was emergence or the most recent reemergence of dengue (followed by endemic-epidemic transmission of the virus) and the calendar year corresponding to the data set analyzed (between 1995 and 2009 Dengue mortality was selected as an indicator of disease burden. Although most of the economic burden of dengue is associated with nonfatal cases (outpatients and inpatients), [19] [20] [21] we believe that the number of fatalities is a more reliable indicator of trends and determinants of the disease and its outcomes. This assumption is based on the fact that fatal cases are more likely to have been studied in depth to determine the etiology of the illness. 22 In fact, various endemic countries, such as Colombia and Brazil, have specific protocols for the etiological study of all fatal cases of dengue by testing serum samples or samples of other types of tissue. 23, 24 In contrast, diagnostic tests are recommended in only a small proportion (< 10%) of cases of uncomplicated dengue. 23 In addition, we believe that deaths are less susceptible to underreporting. This last assumption is based on observations suggesting that, in general, severe cases are less susceptible to underreporting than are less severe cases. In Puerto Rico, for example, for every case of dengue fever reported to the passive dengue surveillance system, 10-27 cases go unreported; and for every case of dengue hemorrhagic fever reported, about three cases go unreported. 25, 26 Therefore, by extension, we believe that fatal cases of dengue are less susceptible to underreporting than are nonfatal cases.
Data analysis. Initially, we estimated mortality rates for each of the subregions, by period: 1995-1999; 2000-2004; and 2005-2009 . Because data were not always available for full years, populations were weighted by the time of reporting. Univariate and multivariate analyses were performed to identify factors associated with dengue mortality (dependent variable). The continuous independent variables were evaluated at quantiles to determine whether their relationship with the dependent variable was linear or nonlinear. Brazil was used as a reference, because it has the largest exposed population and the highest number of deaths from dengue. We used Poisson regression analysis, calculating the rate ratio (RR) as a measure of association and the pseudo R 2 as a measure of the proportion of variation explained by the variables and models.
Given that mortality is directly determined by incidence and case fatality rate (CFR), the number of deaths is conditioned not only by the factors that facilitate transmission but also by those that influence the severity of the disease and the ease of access to health care. Therefore, the factors associated with mortality were evaluated in two (secondary) multivariate models: one to predict the rate of clinical cases of dengue reported in the exposed population (incidence model); and another to predict the number of deaths among the reported clinical cases (CFR model). These two models were designed to identify the effect of a given determinant on dengue incidence and CFR, respectively.
Additional models, adjusted for previously identified determinants, were constructed to estimate the effect that circulating serotypes have on dengue mortality and the CFR. In this final analysis, we considered only the periods in which at least one dengue serotype was identified. Because of the lack of biological plausibility, serotype was not considered for a model of incidence.
RESULTS
During the 15-year study period, 8.88 million clinical cases of dengue were reported and 2,870 deaths were attributed to the disease. Dengue mortality rates were highest in the Caribbean (Spanish-speaking and non-Spanish-speaking), followed by the Andean, Brazil, and Central America/Mexico. The mortality rate was lowest in the Southern Cone, where no dengue-related deaths had been reported before 2005. Over the course of the study period, dengue mortality rates increased in most of the subregions evaluated, the increase being particularly pronounced in Brazil and the Spanishspeaking Caribbean (Figure 1 ).
Univariate analysis indicated that the variable calendar year was significantly associated with mortality, which increased annually by 11% during the study period (Table 1) . However, the calendar year explained < 9% of the variation in mortality. In contrast, the age of endemicity explained > 25% of the variation and showed a relationship consistent with linearity ( Figure 2 ), the RR per each 10 years of endemicity being 3.2 (95% confidence interval [CI] = 3.02-3.39).
Other variables associated with dengue mortality were rainfall (RR = 1.9 [per 10 3 L/m 2 ]; 95% CI = 1.78-2.02) and population density. However, the association between dengue mortality and population density appeared to be nonlinear, and the cutoff values were set at 20 inhabitants/km 2 and 120 inhabitants/km 2 (RR = 6.17 and 24.13, respectively; Table 1 ). Dengue mortality was significantly lower only in the highest HDI quintile, and the HDI cutoff value was set at 0.83, the RR was 0.3 (95% CI = 0.25-0.34). The GEH was associated with a reduction in mortality (RR = 0.87 [for each US$ 100]; 95% CI = 0.84-0.89). However, this variable explained only 1.9% of the variation in dengue mortality.
In a multivariate analysis model, age of endemicity, population density, rainfall, and HDI were independently associated with dengue mortality (Table 2) , collectively accounting for 37.16% of the variation. The variables "calendar year" and GEH were strongly correlated with age of endemicity and HDI, respectively (Pearson's r = 0.56 and 0.70). Therefore, to avoid problems of collinearity, calendar year and GEH were not considered in the model.
When evaluating the factors independently associated with mortality in secondary models (which evaluated factors associated with incidence and CFR), we noted that the rate at which cases of dengue were reported was significantly higher in Brazil than in all of the other subregions (the adjusted rate ratio [aRR] for incidence was lower than 1.0 for all), because the CFR of dengue was lower in Brazil (the aRR for case fatality was higher than 1.0 for all other subregions, Table 3 ).
According to the models, every 10 years of endemicity resulted in a 54% increase in the rate of reported cases and a 99% increase in the CFR. However, population density was mainly associated with the CFR, whereas rainfall was independently associated only with the incidence of clinical cases. Finally, the fact that HDI was found to be negatively and independently associated with mortality was validated by our finding of lower CFRs in countries with HDIs 0.83 (aRR = 0.27; 95% CI = 0.23-0.33; Table 3 ).
In the univariate analysis, circulation of the dengue 2 and dengue 4 serotypes was associated with greater mortality (Table 1) . However, in multivariate models specific for assessing serotype as a biological determinant, only the dengue 2 serotype was independently associated with a significant increase in dengue mortality (aRR = 1.67; 95% CI = 1.35-2.07) and in the CFR of the disease (aRR = 1.33; 95% CI = 1.07-1.65, Figure 3 ).
DISCUSSION
The results of this study indicate that there was a marked increase in deaths from dengue in Latin America and the Caribbean over the 15-year period evaluated. This increase was most dramatic in Brazil and in the Spanish-speaking Caribbean. The Spanish-speaking Caribbean has had a history of being hyperendemic for dengue, and the 1981 epidemic of dengue hemorrhagic fever in Cuba was a hallmark of the recent reemergence of dengue in the Americas. 12, 27 In this region, consisting of Cuba, Dominican Republic, and Puerto Rico, the significant increase in mortality might be caused by multiple factors, including interactions between and among ); RR = rate ratio; HDI = Human Development Index; GEH = government expenditure on health (in US dollars per capita). social and environmental determinants. These factors could explain why, despite the preventive measures taken, this region has not achieved the desired goal of reducing dengue mortality in recent years. 28 However, regardless of the subregion, the variable that best explained the variation in dengue mortality was the age of endemicity (Table 1) . Our results indicate that mortality rates tripled over every 10 years of endemicity. This association can be explained by several mechanisms. First, the fact that the simple spread of the disease has been unchecked by preventive measures, which have been poor or insufficient, has resulted in a greater incidence and consequently a higher number of dengue-related deaths. In addition, an increase in the age of endemicity increases the likelihood that individuals exposed to a first infection will develop a secondary infection with another serotype, the latter being the leading recognized risk factor for severe forms of the disease. [29] [30] [31] [32] [33] [34] Furthermore, longer time since the first infection increases the likelihood that a secondary infection will be more severe. For example, some epidemiological studies have suggested that a long interval between infections (which can only occur in regions with a long history of endemicity) is an additional risk factor for hospitalization and death. 33 Moreover, phenomena such as virus-vector-host interactions could eventually lead to changes in the immunity of the population, and to the selection of viral genotypes with higher transmissibility and virulence. 35, 36 In view of these facts, it is not surprising that, in this study, the age of endemicity was the main predictor of death from dengue, maintaining a relationship with incidence and CFR (Table 3 ).
An alternative explanation for the relationship between the duration of the endemic period and dengue mortality is that surveillance improves over time. Surveillance systems are adapted on the basis of their experience with dengue. Surveillance activities are often stepped up when more cases are reported to the point that there is probably substantial over-reporting of dengue cases during outbreaks. However, because fatalities are typically studied in greater detail, 22 we believe that this bias is less likely to affect mortality indicators (although it could affect the incidence rates of clinical cases).
Our analysis highlighted the importance of population density. Historically, population growth and uncontrolled urbanization have been linked to an increase in the incidence of dengue. 12 The potential importance of this variable is evidenced by estimates that a community must have a population of at least 10,000 to sustain dengue transmission. 11 Indeed, viral transmission to humans might be favored in urban areas, where there is close contact between vectors and the vertebrate hosts, as well as larval habitats, refuges, and appropriate microclimates that promote the survival of mosquito populations. 37 Nevertheless, in our secondary models, population density was apparently more closely related to the CFR than to incidence (Table 3) . Therefore, we hypothesize that health care in disorderly urbanized areas and in highly populated cities is inadequate or less effective, leading to higher CFRs. Another possibility is that, in areas of high population density, it is more common for severe cases to be prioritized, 38, 39 resulting in the underreporting of mild cases, which is a common bias of epidemiological surveillance. 39, 40 Therefore, in highly populated regions, it is likely that the incidence of dengue is underestimated and that the dengue CFR is overestimated.
Rainfall was another factor independently associated with dengue mortality. In the secondary models, this association was explained by the relationship between rainfall and FIGURE 2. Dengue mortality rate (with 95% confidence interval), by age of endemicity. Deaths included suspected and laboratory-confirmed cases. 
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incidence and not by that between rainfall and dengue CFR. This is consistent with studies conducted in endemic Latin American cities, in which it has been shown that rainfall correlates positively with the larval population density of the vector and with the incidence of dengue. [41] [42] [43] Poverty has been identified as intrinsically related to the incidence of neglected tropical diseases such as dengue. Most of the countries with a low HDI and a greater burden of such diseases are located in tropical and subtropical regions. 44 In this study, we observed an inverse association between HDI and dengue mortality. This association was almost entirely explained by the fact that the dengue CFR is lower (by 73%) in countries with HDIs 0.83. This could be attributable to an effect of poverty on access to or the quality of medical care for dengue. However, it is likely that the convergence of other biological factors, such as the coexistence of other neglected diseases, increases the risk of complications and death in developing countries.
We found that dengue mortality was nearly 2.5 times higher when the dengue 2 serotype is circulating. When adjusted for other factors, this association was weakened but remained statistically significant. This finding is consistent with those of epidemiological and clinical studies showing that the dengue 2 serotype, especially its Southeast Asian genotype is highly virulent. In vitro studies suggest that alterations in three FIGURE 3. Rate ratios (with 95% confidence interval) for dengue mortality and dengue case fatality rate, associated with circulating serotypes. Estimates were adjusted for subregion, age of endemicity, rainfall, population density, and Human Development Index. genomic regions (5 0 -and 3 0 -untranslated regions, and E390) give a greater capacity for replication of this serotype, which has been associated with major epidemics in the Americas, with a high incidence of severe cases and mortality. 11, 31, 32, 45 One limitation of this study is that it was based on data from passive epidemiological surveillance systems whose ability to identify cases of dengue (sensitivity) is low. Other studies have suggested that there is underreporting of mild cases of dengue and that severe cases are misclassified. [46] [47] [48] Because mortality statistics are less susceptible to such errors, we believe that mortality models are more reliable than are models of incidence or CFR, which can be skewed in opposing directions by factors that affect the reporting of clinical cases. This would explain our finding that fatality tended to be higher in regions in which the incidence was lower (Table 3) .
Another major limitation of this study is that, as in other ecological studies, it was not possible to make individual inferences from aggregated data. In addition, we did not have the necessary data for an analysis adjusted for age and sex. This is because the mortality statistics, which are widely available, do not include distribution by age group for all countries and for all periods. [14] [15] [16] This underscores the need to improve the systems of information of public health surveillance to facilitate trend analysis and comparisons between regions. However, despite the lack of individual data for a better adjustment of the estimates, we believe that this study provides information that is useful for hypothesis and for estimating the importance of some of the macro-determinants of dengue. In addition, ecological studies are extremely well suited to informing intersector public policies. Furthermore, the determinants identified highlight the importance of an interdisciplinary approach to study and reduce dengue-related mortality.
In summary, we have provided an estimate of the effect that age of endemicity has on dengue mortality. Our data also show how the confluence of factors related to environment (rainfall), demographics (population density), socioeconomics (HDI), and biology (circulating serotypes)-because of their effect on incidence, case fatality, or both-can contribute to the alarming increase in mortality and in the burden of dengue in Latin America and the Caribbean.
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